Abstract-The crosstalk noise model for noise constrained interconnects optimization is presented for RC interconnects. The proposed model has simple closed-form expressions, which is capable of predicting the noise amplitude and the noise pulse width of an RC interconnect as well as coupling locations (near-driver and near-receiver) on victim net. This paper also presents a crosstalk noise model for both identical and non identical coupled resistance-inductance-capacitance (RLC) interconnects, which is developed based on a decoupling technique exhibiting an average error of 6.8% as compared to SPICE. The crosstalk noise model, together with a proposed concept of effective mutual inductance, is applied to evaluate the effectiveness of the shielding technique.
among multiple RLC interconnects is required to efficiently implement shielding techniques. Inserting shield lines can greatly reduce both capacitive coupling [6] and mutual inductive coupling by providing a closer current return path for both the aggressor and victim lines. An efficient estimate of the crosstalk noise between coupled interconnects including the effect of shield insertion is therefore critical during the routing and verification phase to guarantee signal integrity.
CROSSTALK NOISE MODELING FOR RC INTERCONNECTS USING 2-Π MODEL

2-π Model and its Analytical Waveform
For simplicity, we first explain 2-π model for the case where the victim net is an RC line. For a victim net with some aggressor nearby, as shown in Fig. 1 (a) , let the aggressor voltage pulse at the coupling location be a saturated ramp input with transition time (i.e., slew) being tr and the interconnect length of the victim net before the coupling, at the coupling and after the coupling be Ls, Lc and Le, respectively. The 2-π type reduced RC model is generated as shown in Fig.1 (b) to compute the crosstalk noise at the receiver. It is called 2-π model because the victim net is modeled as two π-type RC circuits, one before the coupling and one after the coupling. The victim driver is modeled by effective resistance Rd, other RC parameters Cx, Cl, Rs, C2, Re, and CL are computed from the geometric information from Fig.1 (a) in the following manner.
---------------- The coupling node (node 2) is set to be the center of the coupling portion of the victim net, i.e., Ls + Lc/2 from the source. Let the upstream and downstream interconnect resistance capacitance at Node 2 be Rs/Cs and Re/Ce, respectively. Then capacitance values are set to be C1 = Cs/2, C2 = (Cs + Ce)/2 and CL = Ce/2 + C1. Compared with [7, 8] which only used one lumped RC for the victim net, it is obvious that our 2-π model can model the coarse distributed RC characteristics. In addition, since we consider only those key parameters, the resulting 2-π model can be solved analytically. From Fig.1(b) , we have the impedance at node 1, Z1 Satisfying the following Denote the s-domain voltage at node 2 by V2(s), then
The output voltage Vout in the s-domain is
Substituting Z1, Z2 and V2 into Vout(s),we have
Where the co efficient are 
Its Laplace transformation is 
Therefore, the final noise voltage waveform is simply the summation of the voltage waveform from each pole/residue pair
The 2-π model has been tested extensively and its waveform from (5) can be shown to be almost identical compared to HSPICE simulations.
Closed-Form Noise Amplitude and Width
In this subsection, we will further simplify the original 2-π model and derive closed-form formulae for noise amplitude and noise width.
Using dominant-pole approximation method in a similar manner like [9, 10, 11] , we can simplify (2) into
Where the co efficient are
It is interesting to observe that tx is in fact the RC delay term from the upstream resistance of the coupling element times the coupling capacitance, while tv is the distributed Elmore delay of victim net. We will further discuss their implications later on.
Computing the inverse Laplace transform of (6), we can obtain the simple time domain waveform
It is easy to verify that in the above noise expression, vout monotonically increases at 0 ≤ t ≤ tr, and monotonically decreases at t > tr. So the peak noise will be at t = tr, with the value of
It is also interesting to compare with the recent work by [12] , where the peak noise with saturated ramp input can be written as v ' max =tx/(tv+tr/2). Although obtained from a totally different approach, v ' max from [12] is indeed a first-order approximation of our vmax in (10), since. However, such approximation is only when tr<tv. It will be much off when tr >> tv. This explains why v ' max in [12] gives twice peak noise. Peak noise amplitude vmax is not the only metric to characterize noise. Under some circumstance, even the peak noise exceeds certain threshold voltage; a receiver may still be noise immune. This can be characterized by some noise amplitude versus width plots.
Noise Width: Given certain threshold voltage level vt, the noise width for a noise pulse is defined to be the length of time interval that noise spike voltage v is larger or equal to vt.
From (9), we can compute t1 and t2, and thus the noise width In this paper, we set the threshold voltage vt to be half of the peak noise voltage, vt=vmax/2. Then the noise width of (13) 
CROSSTALK NOISE MODELING FOR RLC INTERCONNECTS USING DECOUPLING TECHNIQUE
Two-coupled RLC interconnects with a coupled capacitance per unit length cc, mutual inductance lm, resistance r(1+∆r) and r(1-∆r), self-inductance l(1 + ∆l) and l(1 -∆l), and ground capacitances cg(1 + ∆c) and cg(1 -∆c), respectively, are shown in Fig. 3 . The ABCD matrix E, for an infinitesimally small segment of these two coupled interconnects can be obtained, as shown in (15). Furthermore, the matrix E can be diagonalized as In general, θ1 and θ2 are functions of the interconnect impedance parameters (resistances, capacitance, and inductances) and are difficult to solve analytically. If non identical coupled interconnects are part of a bus structure with the same width, height, and length, the resistance of the two non identical interconnects are equal, i.e., ∆r = 0. Under the condition of ∆r = 0, and a moment matching approximation θ1, θ2, Zo1, and Zo2 can be approximated as
1 c c
Crosstalk Noise Model of Two Identical Coupled Interconnects
For the coupled interconnects shown in Fig. 3 with ∆r = 0, ∆c = 0, and ∆l = 0, the transient response at the two outputs can be expressed using the normalized variables listed in Table I . Furthermore, in order to characterize the effect of inductance on the crosstalk noise, a parameter ζ, described in [13] , is used, where ζ is defined as Based on the traveling-wave model of a transmission line, the traveling wave is reflected at the load, returns to the source, and then returns to the load, causing the output to overshoot and undershoot at the times of tf and 3tf , respectively. During the interval between tf and 3tf , the output W of a lossy transmission line with a capacitive load behaves as an RC line, and the output increases due to RC charging [14] . The waveform of the coupling noise can be determined by subtracting the decoupled voltage Vo2(t) from Vo1(t). The negative peak of the coupling noise occurs at time tf1, as shown in Fig.4 
The peak noise in (34) is determined from the transient response of the two decoupled interconnects. In order to determine the precise value of the decoupled voltages Vo1(t) and V o2(t) at tf max and 3tf max, a traveling wave-based approximation technique (TWA), as described in [14] , is used to construct the transient output response of the two decoupled interconnects. Through the TWA technique, the peak crosstalk noise is compared to SPICE for various values of the five variables ζ,, CT , RT ,KC, and KL, as shown in Figs. 5 and 6. The interconnect is divided into segments with a length of 10 μm, where each segment is modeled by a π circuit with resistance, ground capacitance, coupling capacitance, partial self-inductance, and partial mutual inductance. The coupled interconnects are simulated using SPICE. The peak crosstalk noise of two coupled RLC interconnects decreases when the inductance effect characterization parameter ζ increases (producing a smaller inductance effect), as shown in Fig. 5 . As expected, the distributed RC interconnect model can be used to determine the peak crosstalk noise when ζ is sufficient large (ζ > 1:5). The peak noise is almost constant for the normalized load capacitance CT varying over the practical range of 0 < CT < 0.1, and decreases with larger normalized driver resistance RT . The peak crosstalk noise does not increase monotonically with an increase in the normalized inductive coupling factor KL or capacitive coupling factor KC (as shown in Fig. 6 ).
CONCLUSION
This paper presents an much improved 2-π crosstalk noise model for RC interconnects with less than 6% error on average compared with HSPICE simulation, for both peak noise voltage and noise width estimations. This paper also assumes a saturated ramp input for the aggressor net and also closed-form expression for peak noise using 2π model under the exponential aggressor input. This 2π model will be useful in many other applications at various levels to guide noiseaware DSM circuit designs. A crosstalk noise modeling for RLC interconnects using decoupling technique for both identical and non identical coupled RLC interconnects is developed based on the ABCD matrix of interconnects. Based on the decoupling technique, an analytic crosstalk noise model is presented, with the peak noise occurring at the time of flight tf or 3tf. The model exhibits an average error of 6.8% as compared to SPICE.
